Abstract. Stathmin 1 (STMN1) is a microtubule-regulated protein that plays an important role in tumour cell proliferation and migration. Overexpression of STMN1 is associated with clinicopathological characteristics in many human cancers. The aim of the present study was to investigate STMN1 expression, its correlation with clinicopathological characteristics, and its exact biological function in oesophageal squamous cell carcinoma (ESCC). STMN1 levels were measured in the ESCC tissue specimens of 276 patients by immunohistochemistry (IHC) to assess the prognostic efficacy of STMN1. IHC showed that patients with overexpression of STMN1 had a poorer prognosis compared with those with low expression, both in regards to 5-year overall survival (OS; 21.2 vs. 53.7%, P<0.001) and disease-free survival (DFS; 20.6 vs. 50.9%, P<0.001). STMN1 overexpression was associated with lower cell differentiation in tumour grade (correlation coefficient: 0.127, P=0.037). In multivariate analysis, STMN1 expression was found to be an independent prognostic factor for both OS (P<0.001; 95% CI, 1.555-2.970) and DFS (P=0.001; 95% CI, 1.978-2.444). Compared with the control, STMN1 downregulation significantly decreased cell migration, invasion and proliferation, whereas these were increased by STMN1 upregulation. STMN1 expression was significantly associated with prognosis and tumour differentiation in ESCC, indicating that STMN1 expression is an independent prognostic factor for ESCC and could be a potential biomarker. Regulating the expression of STMN1 could influence tumour cell motility, invasion and proliferation.
Introduction
Oesophageal carcinoma (EC) is one of the most common and aggressive cancers, and the sixth leading cause of cancer-related death worldwide, particularly in Africa and Asia (1, 2) . Oesophageal squamous cell carcinoma (ESCC) is the predominant histological subtype in China. Even with the development of treatment strategies, surgical techniques and perioperative nursing, the overall survival (OS) of EC patients remains at 15-25% (3) . Therefore, identification of key prognostic biomarkers and effective therapeutic targets is important for the current clinical management of ESCC. In the present study, we explored the clinical significance and the function of STMN1 in tumour cells of ESCC.
Stathmin 1 (STMN1), also known as p17, p18, p19, 19K, metablastin, oncoprotein 18 and LAP 18, is a microtubuleregulated protein that plays an important role in the disassembly of the mitotic spindle and cell cycle progression. STMN1 is activated by dephosphorylation and binds two α-and β-tubulin heterodimers during the process of microtubule disassembly (4) . Furthermore, STMN1 also has been found to affect cell proliferation, differentiation, migration and signal transduction. The dysfunction of STMN1, resulting in consistent microtubule assembly, cell cycle disorder, microtubule dynamic destabilization and abnormal signal transduction, is closely related to tumour metastasis (4, 5) . STMN1 is highly expressed in many malignancies including acute leukaemia (6) , lymphoma (7) , ovarian carcinoma (8) , prostate (9) , breast (10) and head and neck cancer (11) , hepatocellular carcinoma (12), osteosarcoma (13) , lung cancer (14, 15) and mesothelioma (7) .
Overexpression of Stathmin 1 correlates with poor prognosis
and promotes cell migration and proliferation in oesophageal squamous cell carcinoma These findings indicate that STMN1 is closely related to human cancers and an important biomarker for diagnosis and prognosis. Overexpressed STMN1 was found to be associated with lymph node metastasis, poor prognosis and recurrence in ESCC (16, 17) . However, the correlation between STMN1 expression and clinicopathological characteristics, prognosis and biological function of STMN1 in ESCC remains largely unclear.
The aim of the present study was to identify the expression and investigate the biological function of STMN1 in ESCC. Tissue microarrays (TMAs) and immunohistochemistry (IHC). TMAs were constructed based on standard techniques and IHC was carried out using a two-step protocol (PV-9000 Polymer Detection System; ZSGB-BIO, Beijing, China) according to the manufacturer's instructions. These techniques were previously described (20, 21) . All sections were analysed blindly by two experienced pathologists. Each separate tissue core was scored on the basis of the intensity and positive staining proportion according to the literature (22) . The intensity of positive staining was scored as follows: 0, negative; 1, weak; 2, moderate; and 3, strong. The proportion of positive cells was scored on a 0-4 scale as follows: 0, 0-5%; 1, 6-25%; 2, 26-50%; 3, 51-75% and 4, >75%. If the positive staining was homogeneous, a final score was achieved by multiplication of the two scores, producing a total range of 0-12. When the staining was heterogeneous, each component was independently scored and summed for the results. The mean value of the two scores was considered representative of one tumour. For statistical analysis, X-Tile software was used to separate the STMN1 expression score into two subgroups: high expression and low expression.
Materials and methods

Patients
siRNA transfection. Double-stranded small interfering RNAs (siRNAs) were synthesised in duplex and purified forms by GenePharma Co. (Shanghai, China). Four sequences were designed and filtered out to select the one that was most interference efficient. The sequences were as follows: siRNA 1 F, 5'-AGAAGAAGGAuCuuuCCCu-3' and R, 3'-AGGGAAA GAuCCuuCuuCu-5'; siRNA 2 F, 5'-AAuGGCAGAAG AGAAACuG-3' and R, 3'-CAGuuuCuCuuCuGCCAuu-5'; siRNA 3 F, 5'-AAGAGuAuGuAGuGGCuuC-3' and R, 3'-GAAGCCACuACAuACuCuu-5'; siRNA 4 F, 5'-AAG CACAAGCGuGuuuCuA-3' and R, 3'-uAGAAACACG CuuGuGCuu-5'. STMN1 was silenced using Lipofectamine Western blot analysis. Standard western blot analysis was performed as previously described (23) . Briefly, proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, uSA). The membranes were blocked in 5% non-fat milk for 1 h, followed by the addition of anti-STMN1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4̊C. The membranes were then washed and incubated with secondary antibody coupled to horseradish peroxidase for 1 h. Antigenantibody complexes were detected by Western Blotting Luminol reagent (Santa Cruz Biotechnology). Photography and quantitative analyses of related-immunoreactive bands were performed using a FluorChem™ IS-8900 (Alpha Innotech, San Leandro, CA, uSA).
Wound healing assay.
At 48 h after transfection, cells were spread in a layer and serum-starved for 12 h before wounding. A 1,000-µl pipette tip was used to create a wound across the diameter of the well. Cell migration across the wound surface was then assessed by microscopy after every 24 h. Images were captured under a magnification of x40 (DMI3000B; Leica, Wetzlar, Germany). Adobe Illustrator CS5 was used to measure the distance between the edges of the wound.
Cell migration and invasion assays. Cell invasion and migration assays were performed as described below. At 48 h after transfection with siSTMN1 or Flag-STMN1 or their corresponding negative control, cells were starved for 12 h and 6x10 5 starved cells were seeded into Transwells (BD Biosciences, San Jose, CA, uSA) with 8-µm pore size membranes coated with or without Matrigel (for invasion and migration assays, respectively). After 48 h, cells within the Transwells were removed and migrated/invaded cells on the bottom of the Transwell were stained with crystal violet. Images of migrated/invaded cells on the Transwell membrane were captured under a magnification of x200, and the numbers of migratory/invaded cells were counted from at least 10 different fields.
Colony formation assay. Transfected cells were trypsinised, counted with a cell counter (Bio-Rad, Hercules, CA, uSA), and then 1,000 cells (or 500 cells) were inoculated in each well of 6-well (or 12-well) plates. Cultures were maintained for two weeks, and cells were then fixed, stained and photographed.
Cell proliferation assay. The CellTiter 96 ® AQueous One Solution Cell Proliferation Assay (MTS; Promega, Madison, Table I . Correlation between STMN1 expression and clinicopathological characteristics in ESCC. WI, uSA) was used to measure cell proliferation. Cells that had been transfected for 48 h were seeded in a 96-well plate. Every 24 h, 20 µl of MTS reagent was added to the plate. After incubation at 37̊C for 2 h, the absorbance was measured at 492 nm.
STMN1 expression Correlation analysis
Cell cycle analysis. For cell cycle analysis by flow cytometry, transfected cells were fixed with 70% ethanol overnight at 4̊C. Cell pellets were incubated in phosphate-buffered saline (PBS) containing 0.1% Triton X-100 for 10 min at room temperature, and then were treated with RNase (50 mg/ml) for 10 min and propidium iodide (PI; 5 mg/ml) for 30 min, respectively. FlowJo 7.6 software was used to determine the cell cycle phases.
Statistical analysis. Statistical analyses were performed using SPSS 19.0 software (SPSS, Inc., Chicago, IL, uSA). Categorical data were compared using the Chi-square test or Fisher's exact probability test. Correlation analysis was performed using Kendall's tau coefficient. Kaplan-Meier survival analyses were used to estimate 5-year OS and DFS in patients with ESCC. The log-rank test was used to assess differences in survival between groups. The Cox proportional hazard regression model was used to perform a multivariate analysis, and the risk ratio and its 95% confidence interval were recorded. A two-sided P-value <0.05 was considered to indicate a statistically significant result.
Results
Overexpression of STMN1 predicts a poorer prognosis in ESCC.
The IHC staining showed that the expression of STMN1 in ESCC was mainly located in the cytoplasm (Fig. 1) . STMN1 expression (IHC score, 0-7). The 5-year OS rates of ESCC patients with high and low STMN1 expression were 21.2 and 53.7% (P<0.001) (Fig. 1C) , and the DFS rates were 20.6 and 50.9% (P<0.001), respectively (Fig. 1D ).
In addition, we performed univariate and multivariate analyses to investigate the prognostic factors for ESCC. We found that age (P= 0.002; 95% CI, 1.228-2.434), tumour length (P= 0.046; 95% CI, 1.004-1.560), pN stage (P= 0.005; 95% CI, 1.117-1.840) and STMN1 expression (P<0.001; 95% CI, 1.559-2.970) were independent prognostic factors for OS (Table II) . Tumour length (P= 0.010; 95% CI, 1.072-1.678), pN stage (P=0.010; 95% CI, 1.081-1.775) and STMN1 expression (P=0.001; 95% CI, 1.278-2.444) were independent prognostic factors for DFS (Table III) .
Correlation between STMN1 expression and clinicopathological characteristics in ESCC.
We investigated the relationship between STMN1 expression and the clinicopathological characteristics of the ESCC patients. The results showed that STMN1 expression was found to be correlated with tumour grade (Table I) . There were 12 patients (27.9%) with high STMN1 expression out of 43 patients with tumours that were well differentiated, 67 patients (31.6%) with high STMN1 expression out of 212 patients with tumours that were moderately differentiated, and 13 patients (61.9%) with high STMN1 expression out of 21 patients with tumours that were poorly differentiated (correlation coefficient, 0.127, P=0.037).
STMN1 expression following STMN1 siRNA and plasmid transfection.
To explore the effect of STMN1 on ESCC, four siRNAs were designed to knock down STMN1 expression in KYSE150. The STMN1 expression was inhibited at the protein level up to 72.3% in the KYSE150 cells (siRNA-3) (Fig. 2A) . Flag-STMN1 was also transfected to upregulate the STMN1 expression in KYSE150. The STMN1 expression was upregulated at the protein level by up to 200% in the KYSE150 cells (Fig. 2B) .
Knockdown of STMN1 expression inhibits ESCC cell migration and invasion.
Wound-healing assay was performed in both KYSE150 and KYSE450 cells. The results showed that cell migration was inhibited after the knockdown of STMN1 expression (Fig. 3A) . Furthermore, migration and invasion assays were performed in Transwell chambers. The migration and invasion abilities were both inhibited after downregulation of STMN1 expression in the KYSE150 and KYSE450 cells (Fig. 3B) .
Knockdown of STMN1 expression inhibits ESCC cell proliferation and induces cell cycle arrest in the G1 phase.
Colony formation and cell proliferation assays were performed to investigate the influence of the knockdown of STMN1 expression on ESCC cells. The results showed that STMN1 downregulation significantly decreased the number of cell colonies (Fig. 4A) . The same results were also seen in the proliferation assay by MTS in both the KYSE150 and KYSE450 cells (Fig. 4B) .
Furthermore, a flow cytometric assay was performed to measure the function of STMN1 in cell cycle distribution. upregulation of STMN1 expression induced cell cycle arrest in the G1 phase in the KYSE450 cells (Fig. 4C) . In cells transfected with siSTMN1, the percentage of cells in the G1 phase was 65.9±4.6%, which was significantly higher than that noted in the control cells (46.8±2.2%) (P<0.05). Moreover, the percentage of siSTMN1 cells in the S phase was 13.1±4.2%, which was lower than that noted in the control cells (22.5±2.2%). However, the results did not achieve a significant difference (P>0.05).
Upregulation of STMN1 expression promotes the migration, invasion and proliferation of ESCC cells.
Finally, we upregulated STMN1 expression to identify its function in cell motility and proliferation. Wound-healing assay (Fig. 5A ) and migration assay (Fig. 5B) showed that overexpression of STMN1 significantly increased cell migration in both the KYSE150 and KYSE450 cells. The same results were also observed in the invasion assay (Fig. 5B) . Colony formation assay with STMN1 overexpression also showed a higher colony number (Fig. 5C) . The results indicated that STMN1 overexpression promoted ESCC cell motility and proliferation.
Discussion
In the present study, we found that STMN1 overexpression indicated a poorer prognosis and the expression of STMN1 was correlated with tumour grade. In addition, according to the univariate and multivariate analyses, STMN1 expression was found to be an independent prognostic factor. KYSE150 and KYSE450 cells were used to investigate the biological function of STMN1 in ESCC. Knockdown of STMN1 expression inhibited the motility and invasion ability of the ESCC cells, as well as inhibited tumour cell proliferation and induced cell cycle arrest in the G1 phase. upregulation of STMN1 expression promoted cell migration, invasion and proliferation.
In previous studies, STMN1 was reported to be highly expressed in many malignancies (7) . The present study showed that overexpression of STMN1 indicated a poorer prognosis and was an independent prognostic factor for ESCC. Similar results were also reported in other malignancies, such as oral squamous cell carcinoma (11), breast (24) , pancreatic (25) and gastric cancer (26) , hepatoma (27) and ovarian carcinoma (8) . We also found that the expression of STMN1 was correlated with tumour grade and a higher proportion of cells with STMN1 overexpression was found in cells with poor differentiation (Table I) . STMN1 expression was closely related to the state of cell differentiation, not only in erythropoietic and neurite differentiation (28) , but also in some malignant cells (11, (29) (30) (31) . These results indicate that STMN1 expression is an important biomarker for ESCC. We also performed a series of assays to investigate further the biological function of STMN1 in ESCC cells. According to wound-healing, and Transwell migration and invasion assays, we found that the ability of cell migration and invasion was impaired by deficient STMN1 (Fig. 3) . The same result was observed in the KYSE30 and KYSE410 cells. Similar results were reported by Liu et al (31) in ESCC, and also observed in other malignancies (5,29) . Moreover, the opposite phenomenon was presented after upregulating STMN1 expression (Fig. 5) . These findings suggest that STMN1 may play a crucial role in the process of tumour metastasis by regulating microtubule dynamics. However, this mechanism needs to be further explored.
The regulation of microtubule depolymerization by STMN1 is essential in the cell cycle. STMN1 appears to be involved in the G1/S and G2/M checkpoints to regulate cell cycle proliferation by interaction with other cell cycle control proteins such as p53 and Rb (28) . Our results also support this idea; we found cell cycle arrest in the G1/S phase following the knockdown of STMN1 expression. The same results were also reported in hypopharyngeal squamous cell carcinoma by Chen et al (32) .
A proliferation assessment was also performed using MTS agent and colony formation assay. A significantly decreased proliferative rate was shown in both KYSE150 and KYSE450 cells after STMN1 knockdown (Fig. 4) . Our findings are consistent with previous studies in hepatoma (27) and cutaneous squamous cell carcinoma (29) . In some solid tumours, such as breast and ovarian cancer, it was shown that tumours with high proliferative potential generally express higher levels of STMN1 than less proliferative tumours (4). These observations suggest a strong correlation between STMN1 expression and cellular proliferation in malignant cells.
STMN1 expression was significantly associated with prognosis and tumour differentiation in ESCC, indicating that STMN1 expression is an independent prognostic factor for ESCC and could be a potential biomarker of ESCC. Regulation of STMN1 expression could influence tumour cell motility, invasion, and proliferation. In conclusion, our data indicate that STMN1 plays an important role in cancer progression and may be a new therapeutic target for the treatment of ESCC.
